Abstract. Coravel observations of 103 F5-K0 stars in the Praesepe cluster yielded 24 spectroscopic binaries (3 are nonmembers), and 20 orbits were determined, with periods from 4 to 7400 days. Based on a complete sample in the colour range 0.40 ≤ B − V ≥ 0.80 (80 stars, including KW 244 = TX Cnc), the companion star fraction CSF = 0.45. The percentage of spectroscopic binaries with P < 1000.
Introduction
Observations of star-forming regions (SFR) have demonstrated that stars form mainly in clusters and associations, and have a large number of companions. Numerical simulations have also shown that the presence of primordial binaries influences the dynamical evolution of star clusters. Therefore binarity is a basic information to describe properly the results of starformation processes and the stellar population in open clusters. Technical developments in the domain of radial-velocity scanner, speckle interferometer and adaptive optics imager have permitted to obtain in the recent years a wealth of interesting observations which shed new light on the old, and so far not solved, question of the similarity, or difference, of the binary frequency in star clusters. Duchêne (1999) has reexamined the evidence from SFR and concluded that four SFR have a larger rate of binaries than open clusters. However, both kinds of stellar systems are not ⋆ based on observations collected at the Haute-Provence Observatory (France) Correspondence to: Jean-Claude.Mermilliod@obs.unige.ch compared exactly in the same period or separation intervals. Most recent observations in SFR were performed with speckle interferometry or adaptive-optics imaging (see Duchêne (1999) for references). Among the nearby open clusters, only the Hyades (Mason 1993a; Patience et al. 1998) and Pleiades (Bouvier et al. 1997 ) have been observed to detect binaries in the range of separation 0.
′′ 05 -0. ′′ 50. The speckle interferometry survey of Mason et al. (1993b) hardly reached the brighter F5 stars and there is little overlap with the sample discussed in this paper. Conversely, long term radial-velocity surveys have been undertaken (Mermilliod 1997; Stefanik & Latham 1992) to monitor main-sequence late-type stars in nearby open clusters, while very few data have been published for star-forming regions.
This paper is the third one in this series devoted to the investigation of Praesepe (NGC 2632, M44, α (B1950) = 8 h 37. m 2, δ (B1950) = +20
• 10). In the first paper (Mermilliod et al. 1990 ) we identified 48 new members in the cluster corona, out to 4 degrees and found 10 spectroscopic binaries. Six orbits were determined. In the second paper (Mermilliod et al. 1994) we presented the orbital elements of three spectroscopic binaries in triple systems (KW 365, KW 367 and KW 495) . All the material has been used by Raboud & Mermilliod (1998b) to study the radial structure of Praesepe. It has been shown that the spectroscopic binaries are slightly more concentrated toward the cluster centre than single stars. Furthermore, they found that the mass function of the primary of spectroscopic binaries is different from that for the single stars, confirming a result also found in the Pleiades (Raboud & Mermilliod 1998a) .
Few radial velocities for solar-type dwarfs in Praesepe have been published so far. Bolte (1991) observed 14 stars to check the binarity status of stars that appeared as photometric double stars in the colour-magnitude diagram, having in mind the interpretation of the second-sequence stars in globular clusters. Barrado y Navascués et al. (1998) have obtained a number of radial velocities (mostly one per star) for a sample of G, K and M stars in Praesepe to study the stellar activity. The agreement of their radial velocities with our measurements is very good. Very recently, Abt & Willmarth (1999) published radialvelocity observations of 16 A-type stars on the upper main sequence and determined new orbits for 5 stars.
The sample and the observations are described in sect. 2, the results and orbits are presented in sect. 3. Binarity in Praesepe is discussed in sect. 4.
Observations

The sample
The initial observing programme included all 88 known F5 -K0 members in the region studied by Klein-Wassink (1927) . The original limiting magnitude was B = 12.5. In 1977, the membership estimates were mainly based on the proper motions from Klein-Wassink (1927) and the U BV photometry of Johnson (1952) .
Three F5 V stars (KW 295, KW 478, KW 555) did no produce any correlation dip. Although their rotational velocities (V sin i) are not known, they are probably larger than about 45 km s −1 , as is frequent for early-F stars. In addition, no radial velocities are available for these stars. KW 244 (TX Cnc, V = 10.02, B −V = 0.62) is a short period eclipsing binary (Whelan et al. 1973 ). It could not be observed with the Coravel because of its rotation, but will be included in the binary statistics presented below.
Coravel observations
The observations were obtained with the CORAVEL radialvelocity scanner (Baranne et al. 1979 ) installed on the Swiss 1-m telescope at the Haute-Provence Observatory (OHP) for stars later than spectral type F5 and brighter than B = 12.5. Between November 1978 and December 1996, four to nine observations per star were obtained. Binaries were observed more often to derive orbital elements. From January 1993 on, 16 fainter stars (B < 13.5) were added to the sample and observed, mainly for the purpose of determining rotational velocities. One or two observations have been obtained. They are listed in Table 1 for sake of completeness, because few radial velocities have been so far published for these faint members.
The OHP radial velocities were corrected for zero-point differences to place them in the system defined by Mayor and Maurice (1985) . The integration times ranged from about 200 to as much as 1500 seconds, the average being about 400 seconds. The errors on well-exposed individual measurements usually were smaller than 0.5 km s −1 . However, for a few stars with large rotation (v sin i ≃ 30 km s −1 ) the errors may reach 2 km s −1 , depending on the width of the correlation function. The mean value of σ(O − C) for the 18 binaries is 0.73 km s −1 .
The KW numbers (Klein-Wassink 1927) , the V magnitudes, the mean radial velocities V r , the standard errors ǫ (in km s −1 ), the number of measurements n, the time intervals ∆T covered by the observations, the probability P (χ 2 ) that the scatter is due to chance (Mermilliod & Mayor 1989 ) are collected in Table 1 . The remarks SB1O or SB2O refer to single-lined and double-lined binaries for which orbits have been determined, PHB to binaries detected photometrically in the colour-magnitude diagram, VB to visual binaries. Individual observations can be requested from the first author. The whole CORAVEL dataset is currently being recalibrated for possible zero-point error and color effect. All the individual data will then be published in a comprehensive catalogue of observations in Praesepe.
Results
Membership
The radial-velocity results summarized in Table 1 confirm the membership of most stars, with seven exceptions. KW 55, 258, 425, 530, 548, 553 and 557 are clearly (more than 7 σ) nonmembers, although the membership probabilities from proper motions (Jones & Cudworth 1983) for KW 55 (P = 0.98), KW 258 (P = 0.94) and KW 425 (P = 0.86) are quite high. KW 55, KW 258 and KW 553 are spectroscopic binaries, and their systemic velocities (+39.94, +54.7 and +27.2 km s −1 , respectively) differ from the mean cluster velocity by at least 7 km −1 . The scatter of the (O − C) residuals doest not support any long term variability which would indicate that these stars are in triple systems. KW 425, KW 530 and KW 553 are well below the ZAMS in the colour-magnitude diagram, while KW 548 and KW 557 are above the main sequence band.
Spectroscopic binaries
Thirty spectroscopic binaries and triple systems (27 members and 3 non-members) have been discovered among Praesepe F5 -K0 stars. Twenty orbits have been determined (17 members, 3 non-members). The shortest period is 3.
d 93 and the longest 7365.
d . The orbital elements of a few binaries could not be determined either because the expected period is longer than twenty years, or because the frequency of observations did not permit to reobserve several times the double-lined patterns, the radial velocity being otherwise constant at the cluster velocity (KW 16, 496, 533) . None of the stars considered as non variable show any trend with time, only star KW 162 shows a slight change from +36.3 km s −1 in 1978 to +34.5 km s −1 in 1990, with values of +35.0 and +35.5 in 1982 and 1986. The evidence remains marginal. We can conclude that the undiscovered binaries will have radial-velocity amplitude smaller than about 2 km s −1 and periods longer than, at least, 15 years. The orbital elements for 20 new orbits are presented in Table 2, and the in-phase radial-velocity diagrams are presented for each binary. To the 19 KW stars, the elements for VL 1025 have been added. This star is slightly outside the Klein-Wassink area and its binarity has been detected in Paper I (Mermilliod et al. 1990 ). An orbit has now been determined and the elements are included at the end of Table 2 .
Orbital elements for the spectroscopic binaries KW 365, KW 367 and KW 495 belonging to triple systems have been published by Mermilliod et al. (1994) . The periods given in Table 2 for KW 367 correspond to the short (Aab) and long period (Aab x B), respectively.
The diagram of the eccentricity vs logarithm of the periods (Fig. 6) shows the clear transition from circular to elliptical orbits at about 8 days. KW 181 (P = 5.
d 86, e = 0.36) is an exception. There is so far no indication that this star is a triple system. Its original eccentricity must have been quite large, and it had not enough time to reduce it to 0 ). 
KW 236:
If it is a member, this star is probably a triple system: it shows a dip at the cluster velocity and a well marked secondary dip.
KW 287:
This binary has quite a long period, and the first cycle has not yet been completely covered. However, a reasonably well determined orbit has been computed, because both extrema have been well observed.
KW 297: The null probability P(χ 2 ) of this star is mostly due to the first velocity in January 1981 (34.4 km s −1 ). But the present mean velocity is around 37.5 km s −1 , which deviates from the cluster mean. It is probably a very long period binary. yet covered and the uncertainties on the elements are therefore rather large. The elements are not included in Table 2 KW 367: This is a double-lined binary for which an orbit has already been determined (Mermilliod et al. 1994 ) and the systemic velocity was found to be variable. This star has been frequently observed and an orbit for the long period system has been determined. The elements are included in Table 2 . The two periods are thus 3.
d 057 for the close system and 1659. d for the longer one. The elements for the short periods are very similar to the first published ones. The present values has been obtained with additional observations and a simultaneous solution for the two orbits. The radial-velocity curves are displayed in Figs. 1 and 2 . The third component has not been convincingly seen in the correlation functions, although a few dips, similar to those of the secondary of the SB2, but with completely different velocities could be tentatively attributed to the secondary of the long system. If this fact is confirmed, the secondary could also be a spectroscopic binary itself. However, as deduced from the CM diagram, most of the light comes from the SB2 and the other system does not seem to contribute much light.
KW 399: The peak to peak amplitude is 2.68 km s −1 and is due to two low velocities obtained in February 1982 and January 1983. The last observation was made in 1991 and more recent data are necessary to judge the binary status of this star.
KW 496: Line doubling has been observed on three nights in 1981, 1983 and 1990 , but the velocity is stable for the 30 other observations. The velocity separation is close to 20 km s −1 .
KW 533: Line doubling has been observed on January and February 1987 and on February 1988, with a velocity separation of the order of 25 km s −1 . Since that time, the velocity is constant at the cluster mean velocity. This is probably another long period binary.
Binary frequency
We limit our analysis to the stars listed in the first part of Table 1 which corresponds to the colour interval 0.40 < B−V < 0.80. All stars have been observed at least 4 times, and the star census is supposed to be complete. We count 80 stars, including KW 244 (TX Cnc). We find 16 single-lined spectroscopic binaries (SB1), 5 double-lined binaries (SB2), including KW 244, 8 photometrically analysed binaries (PHB: star well above the ZAMS, δV > 0.45 mag, but not detected as spectroscopic binaries), 3 triple systems, one visual binary.
The overall rate in this colour interval is 30% (24/80) and that for the Pleiades was 19% (17/88). Due to the size of the samples, the statistical a posteriori significance of this difference is at the 10% level. The rate of binaries with periods shorter than 1000 d is 20% (16/80), by counting the shortperiod spectroscopic binaries in the 3 triple systems. This value is slightly larger than in the Pleiades (13%: 11/88) in a similar colour interval, and is significant at the 18% level, and than in the nearby G dwarf sample of Duquennoy & Mayor (1991) 
Mass ratios
Mass ratios have been computed for the spectroscopic and photometric binaries in various ways. For photometric binaries, a photometric deconvolution has been attempted. The resulting values are given in Table 3 : V a , C a , M a are V mag., B − V colour and mass of the primary respectively, and V b , C b , M a are the V mag., B −V colour and mass of the secondary. When the stars were at the upper binary limit or slightly above, V a = V ab -0.75 mass ratios have been set at 0.99. For spectroscopic binaries located well within the single star sequence, the minimum mass (Min) has been computed from the spectroscopic orbit and the maximum mass (Max), under the assumption that the secondary is 5 mag. fainter than the primary. This limit corresponds to an effect of 0.01 mag on the V magnitude. A difference of 4 mag. may appear more appropriate. In this case, the maximum mass would be larger and the mass interval for the secondary would be wider. The two mass values give a reasonnable estimate of the secondary masses. Values of the mass ratios q tabulated in Table 3 show that photometric detection produces mass ratios larger than 0.60, while the lower limit of the mass ratios for the single-lined spectroscopic binaries is around 0.20.
The distribution of q, by bins of 0.2 M ⊙ is 0.8 -1: 12, 0.6 -0.8: 9, 0.4 -0.6: 7, 0.2 -0.4: 7. There is a slight increase toward values of q larger than 0.7, but the distribution for q < 0.5 may be incomplete, because the orbits with very long periods have not been determined yet.
Cluster mean velocity
We have computed Praesepe mean velocity from 46 "single" stars and found a value of 34.53 ± 0.12 (s.e.) km s −1 . The standard error is 0.81 km s −1 . The mean value of 14 spectroscopic binaries (excluding KW 540) is 34.68 ± 0.11 km s −1 , with a standard error of 0.40 km s −1 . The observed velocity dispersion, 0.40 km s −1 for the binaries and 0.81 for the single stars would indicate, if taken at face value, that the velocity dispersion of the binaries, more centrally concentrated than the single stars, is only half of the dispersion of the single stars. This result is in agreement with what is expected from the dynamics of star clusters. However, one should be careful and take into account the velocity dispersion due to unknown binaries. Fig. 3 shows the histogram of the stellar mean velocity and illustrates this effect. The shaded area corresponds to the spectroscopic binaries for which an orbit has been determined.
Colour-magnitude diagram
The colour-magnitude diagram for the F5 -K0 stars (Fig. 7) clearly shows that binary stars are distributed all over the main sequence band. They are not only found near the upper binary limit (0.75 mag above the ZAMS), but also among the "single" stars. Nine binary stars are found at ∆V > 0.70 mag, 10 are found among the single stars and 7 in the intermediate band. Therefore, any photometric detection of binary stars in a colour-magnitude diagram will miss about 40% of the spectroscopic binaries.
There is however no one to one correspondance between the photometrically detected and the spectroscopic binaries. For (B-V) < 0.90, seven obvious photometric double stars have not been detected as spectroscopic binaries. A similar situation has been met in the Pleiades . Adaptive optics observations have permitted to resolve a number of the Pleiades photometric binaries (Bouvier et al. 1997) . A similar survey of 150 stars in Praesepe made in 1998 will permit to answer this question (Bouvier et al. 1999) . In a similar way, it is quite possible that apparently single stars have low-mass companions at large distance which do not produce perceptible effect on the joint magnitudes or on the radial velocities. Data in Table 3 suggest that very few binaries with mass ratios smaller than 0.3 have been detected, although the precision of our radial-velocity observations allows us to determine orbits with semi-amplitudes around 2.5 km s −1 , see for example KW 439.
To test the presence of a variation of the number of spectroscopic binaries along the main sequence, we have applied the test of Wilcoxon-Mann-Whitney. The test shows that, in our sample, binaries are more frequent among stars with small B−V , but the level of significance is 8%. Therefore, we cannot definitely discard the possibility that this trend is not intrinsic, but simply comes from random noise.
In the interval 0.4 < B − V < 0.55 the star distribution is clearly bimodal: on the one hand five stars show the maximum magnitude effect: three SB2 (KW 16, KW 142, KW 496) , one visual binary (KW 458) and one photometric binary (KW 31). Twenty-one stars define the main-sequence locus, four binaries (KW 47, KW 268, KW 416, KW 439) are photometrically indistiguishable from true single stars.
The interval 0.55 < B −V < 0.75 is much richer in binary types. It contains the three triple systems discussed by Mermilliod et al. (1994) . In KW 495, all three components are seen in the correlation functions and the position in Fig. 7 is in good agreement with that expected for a triple system. KW 365, in which one single star and the SB primary are seen is very close to the 0.75 upper limit, so the contribution of the third body seems to be small. Then, the position of KW 367, a doublelined system with a variable systemic velocity is surprisingly located 0.25 mag below the upper binary limit. Because two components are seen, the third one should not contribute much light. There are five single-lined binaries (KW 181, 287, 322, 325, 540 ) located between 0.20 and 0.50 mag above the ZAMS, with three other stars (KW 90, 334, 541) occupying the same position, without spectroscopic detection. One (KW 182) is close to the upper binary limit. Finally, in this colour interval, one finds also the double-lined contact binary (KW 244, TX Cnc) which could be not observed with Coravel due to the high rotation induced by the short period.
In the redder colour interval (0.75 < B − V < 0.90) the binarity is again well marked. Six stars are at least 0.50 mag above the ZAMS: two SB2s (KW 184, KW 533), two photometric binaries (KW 9, KW 257) and one single-lined binary (KW 297).
In total, eleven single-lined binaries show no photometric effects of duplicity and are completely indistinguishable from single stars. They are even often on the lower side of the singlestar locus.
X-ray sources
Because the survey of Randich et al (1995) covers an area of 4
• all the Klein-Wassink area has been observed. We have looked at the detection of the various kinds of stars: SB2s detected: 5/6, SB1s detected: 6/17, triples detected: 2/3, photometric binaries detected: 4/8, single stars detected: 8/57.
From the periods determined so far, it is difficult to derive firm conclusions. Most short periods binaries P < 6 d have been detected, but KW 368 (P = 76.
d 5) has also been detected although there is no photometric evidences from the companion. Several SB1s with much longer periods and half of the photometric binaries are also detected. But the triple system KW 365 is not. The 8 single stars detected could also be binaries, with low-mass companions and large separation which would explain why they have not been discovered in the radial-velocity survey. 
Conclusions
The present results contribute to the recent effort to investigate the duplicity in open clusters from various techniques and in various cluster environments. So far only radial velocity can detect binaries with periods smaller than 1000 days which represents 64% of the spectroscopic binary sample in Praesepe. An adaptive-optics survey of 150 G and K stars in Praesepe will provide further information on the general duplicity in Praesepe (Bouvier et al. 1999) , and will allow a better comparison of the properties of the Hyades. The limiting separation is around 0.
′′ 1, which, at the distance of Praesepe, 180 pc (Robichon et al. 1999 ), corresponds to 54 yrs for two solar-mass stars and 76 yrs for two stars of 0.5 M ⊙ . There will still be a gap in the coverage for periods between 20 yrs and 50 yrs. With an age of about 700 Myr, the binary properties of these two clusters are probably not representative any more of the primordial binary-parameter distribution.
The frequency of binaries in Praesepe is slightly larger than that found in the Pleiades ) in a similar colour interval, but the difference is significant at the 10% level. Thus we cannot totally exclude that both clusters have similar statistical properties. Detailed comparison with the Hyades is awaiting the publication of the results obtained by Stefanik &Latham (1992) . But it seems that it is not possible to explain the X-ray flux differences between the Hyades and Praesepe on the basis of difference in duplicity as it has been proposed by Randich & Schmitt (1995) and Barrado y Navascués et al. (1998) .
The combination of photometric and spectroscopic data results in a powerful tool to analyse binary stars in open clusters.
For example, ten stars which would be classified as single on a photometric basis have been found to be binaries from their radial velocities, and seven stars which do not exhibit velocity variations appear to be binary stars when their photometry is taken into account. Thus, binary analysis is more complex than previously thought.
Based on simulations, Kroupa & Tout's (1992) results tend to favour a fraction of binaries close to unity. The present results have demonstrated the presence of numerous binaries among the so-called single stars, but much work remains to be done to detect companions in systems with q < 0.3. Such a detection is difficult in the visible, near-infrared photometry may help. As concerns radial velocities, instruments providing the precision needed to detect such low-mass companions are now in use, but the investment in observing time would be rather heavy and should extend over many years. However open clusters like the Pleiades and Praesepe are among the best targets to study the multiplicity of solar-type and low-mass mainsequence stars, to build a much more complete distribution of mass-ratios and orbital elements. 
